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Diamond quantum sensors are sensitive to weak microwave magnetic fields
resonant to the spin transitions. However the spectral resolution in such pro-
tocols is limited ultimately by sensor lifetime. Here we demonstrate a hetero-
dyne detection method for microwaves (MW) leading to a lifetime independent
spectral resolution in the GHz range. We reference the MW-signal to a local
oscillator by generating the initial superposition state from a coherent source.
Experimentally we achieve a spectral resolution below 1 Hz for a 4 GHz signal
far below the sensor lifetime limit of kilohertz. Furthermore we show con-
trol over the interaction of the MW-field with the two level system by applying
dressing fields, pulsed Mollow absorption and Floquet dynamics under strong
longitudinal radio frequency drive. While pulsed Mollow absorption leads to
highest sensitivity, the Floquet dynamics allows robust control independent
from the systems resonance frequency. Our work is important for future stud-
ies in sensing weak microwave signals in wide frequency range with high spec-
tral resolution.
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1 Introduction
Precise detection of microwave frequency fields is of importance for a wide range of applica-
tions in cosmology,1 radar,2, 3 quantum optics with quantum circuit systems4–6 and electron spin
signals or coupling to phonons.7 Oscillating magnetic fields, described by their amplitude and
frequency, require a sensor with high sensitivity and high spectral resolution over a wide range
of frequencies.
Atomic systems, such as Nitrogen vacancy (NV) centers in diamond, offer a microwave
(MW) sensing platform through the electron spin transition.8–10 Further the spin state can be
optically pumped leading to an effective sensor temperature of about 10 mK (99% polariza-
tion),8 hence in principle being able to resolve single photon level signals.11 However for
any quantum sensors, the spectral resolution and sensitivity are linked through the lifetime of
the system.12–14 Advancements in experimental control of dynamical decoupling sequences
allowed to separate sensitivity from spectral resolution15, 16 widely applied for nuclear magnetic
resonance (NMR) detection using NV-centers, e.g.17, 18 While with these techniques radio fre-
quency signals can be detected with a spectral resolution below 1 Hz, this technique fails for
frequencies beyond 10 MHz.
In our work we overcome this limitation and extend it in principle to the full MW spectrum
0 − 100 GHz. We created a heterodyne sensor illustrated in figure 1, by mixing an external
reference with the MW signal and detecting a demodulated signal in the fluorescence of the
NV-center. This is achieved by creating the initial state of the sensor using above mentioned
coherent external reference MW source. This state evolves under the signal field, and is sen-
sitive to the relative phase between reference and signal. We further show that the interaction
with the signal field can be controlled with dressing fields creating side bands. First we studied
pulsed Mollow absorption, a dynamical decoupling sequence applied to sense MW-fields, mak-
ing our protocol compliant with high sensitivity detection schemes and still achieving sensor
unlimited spectral resolution. Second we study Floquet dressed states under strong longitudinal
RF-drive allowing to create detection side bands independent from the resonance frequency of
the quantum system making it applicable over a large frequency range.
2 Results
Theory
In the following we theoretically describe how one achieves heterodyne sensing using a quan-
tum sensor, here with NV-spins. The task at hand is to sense an oscillating microwave fields
with frequency ω, given by:
Ω(t, φ0) = Ω0 cos(ωt+ φ0). (1)
Ω0 = γBsignal is the amplitude of the field with γ being the electron gyromagnetic ratio, and
φ0 is the initial phase of the signal. The coupling of such a field to the electron spin of the
2
...
Figure 1: a Measurement of a multi mode microwave frequency signal in a heterodyne scheme
relative to an external frequency reference using the NV center as a sensor. The interaction
with the signal is controlled with application of dressing fields. We benchmark two techniques:
1) pulsed Mollow absorption using dynamical decoupling sequence and 2) Floquet dynamics
under strong RF-driving. The demodulated signal leads to high spectral resolution. b Hetero-
dyne detection by creating the same initial state |ψinit〉 from a coherent external MW-source
between sequential measurements. A long coherent signal Ω(t) is stroboscopically observed
in the rotating frames. Finally the projection of |ψ′〉, the final state after evolution under Ω, is
measured.
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NV center, is simply given by the Hamiltonian H = ~Ω(t) ~ˆS, where ~ˆS is the effective two-level
system of the triplet ground-state spin configuration of the NV center. In secular approximation
the overall Hamiltonian becomes:
H = ωsSˆz + Ω cos(ωt+ φ0)Sˆx, (2)
where ωs is the transition frequency in the two level subspace of the NV-spin triplet, Sˆz =
(σz − 1)/2 and Sˆx = σx/
√
2, where σ are the pauli matrices and 1 is the identity. After
transformation into the rotating frame we get:
H ′ =
∆ω
2
σˆz +
Ω
2
√
2
cos(φ0)σˆx +
Ω
2
√
2
sin(φ0)σˆy, (3)
where ∆ω = ωs − ω, depicted e.g. as orange arrow in figure 1b. To introduce a heterodyne
approach, we have to add a second microwave field Ωref(t, φref) acting as a reference. In our
concept the reference source recreates the initial state with a pi/2 pulse:
|ψinit(φref)〉 = (|0〉+ exp(iφref) |−1〉)/
√
2, (4)
which evolves under the Hamiltonian in equation 3 for the time τ :
|ψ(τ)〉 = U(H ′(φ0), τ) |ψinit(φref)〉 . (5)
After evolution we measure the expectation value 〈Sˆz〉:
〈Sz(τ, φref , φ0)〉 ≈ Ωτ sin(φ0 − φref) (6)
for Ω′τ, ∆ω
Ω′  1 where Ω′ =
√
∆ω2 + Ω2. With this measurement outcome, we now achieved
a heterodyne response as we compare the phases of two microwave fields through the mea-
surement of the Sˆz expectation value. Further, we study a series of consecutive measurements
recorded at time tn+1 = tn +T , where T is sampling interval. This leads to φ0,n+1 = φ0,n +ωT
and φref,n+1 = φref,n + ωrefT . Experimentally and theoretically it is instructive to analyze the
auto correlation between the single measurement outcomes Sn = Sz(tn):
C(n) = 〈Sn′Sn′+n〉
=
M∑
n′=1
Ω2τ 2 sin(δωTn′ + δφ) sin(δωT (n′ + n) + δφ)
≈ 1
2
MΩ2τ 2 cos(δωTn)
(7)
where δω = ωref − ω is the demodulated frequency and δφ = φref − φ0 is the initial phase
difference, which averages to zero under the auto correlation. While in this expression the auto
correlation of the Sz operator presented, in the experiment we acquire the auto correlation of
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the fluorescence photon counts collected in each measurement during the spin readout of NV
center. These correlation functions are linked through the fluorescence spin contrast and and
average fluorescence of the NV center.19
In the discussion above we assumed a segmented evolution, starting with the state prepara-
tion by the reference followed by the free evolution under the signal field. While this approach
shows clearly the heterodyne principle, in reality, a MW field is constantly interacting with the
sensor. To achieve tunable interaction we further apply dressing fields. This disables the sens-
ing field’s influence during sensor state preparation (Ω/∆ω  1) and switches it on during the
interaction when the dressing field is applied ((∆ω − Ωdressing)/Ω  1). Here Ωdressing is the
energy shift due to the dressing field, see methods A.3 and A.4 respectively for the analytical
derivation. This leads to a Hamiltonian as described in equation 3.
Heterodyne Detection of Microwave Fields
We realize the heterodyne measurements by the scheme shown in figure 2a. The NV spin is
initialized in the ms = 0 state with a green laser pulse, and the superposition state |−i〉 =
1√
2
(|0〉 − i |−1〉) is created by applying a (pi
2
)
x
pulse from a coherent MW-source. The phase
of the coherent source defines the initial state and the sensed signal interacts with the spin rel-
ative to it. Therefore the evolution is determined by the relative frequency difference of the
signal with respect to the rotating frame δω and the initial relative phase φ0 between the signal
and the reference. In a proof of principle experiment we separate the state preparation from
the interaction by applying the signal only during the sensing period for a time τ . A series of
measurements allows us to coherently measure the phase of the signal at the start of each mea-
surement. Because the spectral resolution in heterodyne measurements is given by the reference
and does not depend on the measurement time by (1/τ), it allows us to sense a multimode sig-
nal in parallel, illustrated as a second signal in the lower panel. In the experiment we measured
a coherent two-frequency MW signal with frequencies ω1 = 2pi · (4139.4 + 5 · 10−2) MHz, and
ω2 = 2pi · (4139.4 + 5 · 10−2 + 5 · 10−4) MHz. With respect to the reference (spin transition)
frequency ωs = 2pi · 4139.4 MHz, they are off-resonant by ∆ω1 = 50.138 kHz and ∆ω2 =
50.620 kHz respectively. Both signals have equal amplitudes of Ω1 = Ω2 = 2pi · 3.6 MHz and
are applied for 34.2 ns. When we perform a series of 106 measurements we record on average
0.1 photons per measurement. We extract the demodulation signal from the auto correlation, as
defined in equation 7 and shown in figure 2b. In the auto-correlation we clearly see the beating
of the two signals and the enlarged view in figure 2c shows the sinusoidal oscillations expected
from the theoretical derivation above. We demonstrate the high spectral resolution by taking the
fast Fourier transform (FFT) of the auto correlation signal, as shown in figure 3d. We observe a
splitting of the two peaks corresponding to the frequency difference of (ω1−ω2 = 2pi ·482 Hz).
The narrow linewidth, of just 1 Hz, clearly demonstrates a separation beyond the coherence time
of the sensor. Furthermore we analyze the Fourier peak in figure 2e and find that the linewidth
is Fourier limited by the correlation length (1/(NT ) scaling). For a maximal computed cor-
relation length of 3 seconds, for a measurement of ∆ω = 2pi · 75 kHz, T = 1.824µs and
5
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Figure 2: a Heterodyne detection scheme for microwave fields by phase dependent evolution in
the rotating frame. The phase of the external source evolves relative to the signal 1 (∆ω1 = 2pi ·
50.138 kHz) and signal 2 (∆ω2 = ∆ω1+2pi·482 Hz) with ∆ω1,2∆t between two measurements.
In b auto-correlation of the photon counter time trace. The beating between the two signals can
be clearly recognized, consisting of fast oscillations shown in c. d Fourier spectrum of the auto-
correlation. In e linewidth of the FFT peak as a function of the correlation length. The 1/(N ·T )
scaling of the linewidth shows the Fourier limited linewidth for the applied sinusoidal signal.
For the longest correlation time of 3 seconds we achieve a linewidth of 300 mHz, well below
the sensor lifetime of 1/T1 = 500 Hz.
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Ω = 2pi · 111 kHz, we achieve a 300 mHz linewidth, a 3 orders of magnitude improvement
compared to the 1/T1 ≈ 0.5 kHz lifetime limit, equivalently we are now sensitive to sub ppb
(parts per billion) changes in the frequency of applied fields. While this demonstrates the high
spectral resolution for MW-sensing, below we investigate the control of the interaction of the
spin with the MW-field.
Dynamical decoupling increases sensitivity
In the discussion above we applied the signal only during the sensing time. Here we introduce
the pulsed Mollow triplet, created by dynamical decoupling, which effectively gives control
over the interaction with the signal. Such decoupling sequences create a new dressed basis with
new energy eigenstates shown in figure 3a. While in most sensing applications of decoupling
sequences the low frequency transition Ω is studied, we aim at sensing microwave fields and
hence consider the Mollow sidebands at the absorption frequencies ωs ± Ω.8, 20 This allows to
control the interaction of the sensor with the signal field. On top of that during the decoupling
sequence the sensor lifetime increases up to T1ρ, which is by orders of magnitude larger than
T ∗2 .
21 It is essential to have a precise reference frequency, which is achieved best when Ω is
independent of the power of the dressing fields. Here we analyze a pulsed Mollow scheme
which creates sidebands at Ω = pi/τ , with τ the inter pulse spacing. This scheme is robust to
power fluctuations (i.e. fluctuations in Ω), which typically challenges continuous wave Mollow
methods. The interaction of the pulse train with the MW-signal field is schematically drawn
in figure 3b, the pi-pulses result in an integration of the rotating component of the MW-signal
and therefore creating a maximal phase pickup of 2ΩSignalT/pi, with T the total sensing time.
It becomes apparent that the phase of the oscillations relative to the pulse train alters the spin
evolution. It is this effect which makes it suitable for heterodyne detection. Depending on the
phase of the perpendicular component we get a transition from |+〉 to |−〉 across the poles.
Experimentally we modified the scheme of figure 2a where we now apply the pulse train during
the sensing time. In figure 3c we show the measured correlation result as Fourier transforma-
tion. We applied the Carr-Purcell-Meiboom-Gill-Sequence (CPMG) as a dynamical decoupling
sequence, with 6.8 µs between two pulses and 10 repetitions leading to a total sensing time of
68 µs. We experimentally observe a Fourier limited linewidth for the Mollow peak analog to
above with the exception that the applied signal was 15 times smaller. As a comparison we also
show the low frequency transition Ω, the well studied heterodyne peak for NMR, and the res-
onant absorption described in the section above. We see that all transitions in the dressed level
scheme can be sensed in our heterodyne scheme and therefore relative to an external reference.
With this treatment we created controllable transitions with increased sensitivity for heterodyne
detection of microwaves.
Tuning of Interactions with Floquet States
Until now we only considered control over the sensor using MW-manipulation. In the follow-
ing we consider an alternative approach by dressing the sensor states with a strong longitudinal
RF-drive. The advantage is, that we naturally create side bands depending on the frequency
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Figure 3: Heterodyne detection is compatible with dynamical decoupling sequences. a A de-
coupling sequence creates from the initial two level system, with transition ωs, a Mollow triplet
with two detection sidebands at ωs ± Ω, where Ω = piτ , and a low frequency transition Ω. A
MW-field resonant to such a sideband is rotating in the spins reference frame. b Phase sensitive
measurements of the rotating components are measured by applying a decoupling sequence. c
Demodulated signal spectrum of the heterodyne measurement with the Mollow triplet transi-
tions. Blue: resonant transition ωs, green: RF-frequency Ω and red: Mollow sideband ωs ± Ω.
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of the RF-field and hence making it robust to amplitude fluctuations without the requirement
of a pulsed operation and more importantly the power requirements for the MW-channel re-
lax, which becomes particular relevant for high MW frequencies. While RF-control over the
two level system has been studied,22, 23 we use it as a resource for heterodyne detection. The
Hamiltonian under such RF-field driving with frequency ωrf and strength Ωrf becomes:
H =
ω0
2
σz + Ωrf cos(ωrft)σz + Ω0 sin(ωt+ φ0)σx, (8)
where we consider a strong driving Ωrf ' ωrf . The strong RF-drive results in new energy levels
depicted in figure 4a. The state |0〉 becomes |0,m〉 with a new quantum number, similar to
the phonon excitations, this results into new energy eigenvalues of E0,m = mωrf and E1,m =
ωs +mωrf respectively. These states allow transitions with frequency ωs±∆mωrf . Because of
the energy splitting given by the frequency of the RF-drive, it becomes clear that these sidebands
are ideal candidates for heterodyne detection. The transitions strength of the sidebands are
given by P∆m = J∆m (Ωrf/ωrf), and hence one could tune the transition strength by adjusting
x = Ωrf/ωrf to be at a local maximum. At this local maximum we have a quadratic dependence
on power fluctuations (∆Ωrf)2 which underlines the robustness of the method. Experimentally,
see fig. 4b, we probe these new transition frequencies by initializing the sensor spin with a green
laser pulse, followed by a simultaneously applied strong RF-field and a weak MW-probe field.
The state is finally read out with another laser pulse. The optically detected magnetic resonance
(ODMR) of the RF-dressed states is shown in figure 4 where we measure the spin readout
contrast using single shot readout, see reference,24, 25 with changing MW-probe frequency for
RF-driving frequencies between 0.3−2.9 MHz illustrated by a vertical offset. Finally we picked
the driving frequency of 1.45 MHz and performed Rabi oscillations on the central peak (0th),
first and second sideband, to confirm the dependence on the transition strengths J∆m(x)ΩRabi,
where ΩRabi/2pi = 125 kHz. We measured Ω0(x)/2pi = 45 kHz, Ω1(x) = 66 kHz and Ω2(x) =
35 kHz resulting into a value of x = 1.72, which is close to the maximum of J1(x).
After introducing the new dressed states we show that they are suitable for heterodyne de-
tection (for a detailed derivation of the phase sensitivity see the appendix). The RF-driving
results in additional oscillations of the spin in the rotating frame around the z-axis and therefore
can be interpreted as z-phase gates. Coming back to the picture presented for pulsed mollow
absorption (figure 3b) we have, instead of x-rotations, z-rotations which follow the frequency
of the RF-drive. Depending on the phase of the RF-drive the timing of these gates changes and
create a phase sensitive sequence. Higher harmonics appear because of saturation of the phase
gates, surpassing 2pi rotation within one period, creating higher order frequency acceptance.
Experimentally we show heterodyne detection in the RF-dressed basis by the scheme shown in
figure 5a. We prepare the initial state of NV electron spin with a laser pulse and a pi/2 pulse
from a coherent source yielding a |−i〉 state. Additionally we apply strong RF-drive during the
sensing period. The signal interferes with the spin only during the sensing period giving us
control over the interaction and we expect a demodulated frequency of ωsignal −∆mωrf − ωs.
We experimentally show the phase sensitivity in figure 5b by repeating one sensing block, with
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varying initial phase of the MW-signal. We observe clean sinusoidal oscillations illustrating the
phase sensitivity clearly. Finally we performed sequential measurements of a MW-field and plot
the Fourier spectrum of the auto-correlation. The experimental conditions were adjusted such
that demodulated frequency was zero. To see the oscillation we varied the initial phase of the
RF-field depending on the measurement index as φn+1 = φn + 45◦ moving the zero frequency
to 1/8 of the sampling frequency. The peak width is Fourier limited.
In summary we implemented a heterodyne sensing protocol for MW-frequencies, first with a
simple phase sensitive free evolution in the rotating frame leading to lifetime unlimited reso-
lution, below 1 Hz. We further improved the sensitivity of this heterodyne scheme with pulsed
Mollow absorption from T ∗2 to T1,ρ, leading to estimated sensitivities of 5 nT/
√
Hz for single
NV centers and 1 pT/
√
Hz for an ensemble of NV centers.8 Finally we applied the RF-driven
states to heterodyne sensing allowing us to control the interaction with the signal and creating
stable sidebands, independent of the frequency band of the two level system.
3 Discussion
This work extends heterodyne sensing with a quantum sensor to high frequencies up to 100 GHz,
not accessible with previous protocols.15, 16 At the same time it converts absorption based MW
sensing to a heterodyne scheme, extending thus the resolution beyond T1 of the sensor.8, 10 In
this work we further show how to convert an absorption measurement protocol to a heterodyne
detection protocol in three systems: a two level system, a Mollow triplet, and a Floquet dressed
system. The key requirements for such conversion is to make a system sensitive to the phase of
the incident signal and benchmark this on the single electron spin of NV center in diamond.
While the simplest case of two level system shows the working principle, the addition of
Floquet dressing makes the interaction with the sensor controllable, and the Mollow dressing
improves the sensitivity from T ∗2 to T1,ρ limited.
In this work we overcome the spectral resolution problem existing for quantum sensors of
microwave signals, which is of importance for sensing weak signals with highest possible spec-
trum resolution for highly coherent microwave signals, e.g. maser radiation, quantum radar2, 3
and Doppler velocimetry technologies, weak cosmic radiation or wireless communication pro-
tocols. Additionally, the heterodyne approach in sensing leads to the concept of sequential weak
measurements of quantum systems, which potentially is important in measuring the quantum
behaviour of mesoscopic bosonic or fermionic systems at high frequencies and for quantum
feedback.26 Due to general nature of our work it could be applied to other two level systems,
such as transmon qubits, which are naturally suitable for the task of microwave radiation sens-
ing4–6 similar to what was shown for Rydberg atoms.27
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Figure 4: The heterodyne detection of MW-fields with RF dressed system. a The RF driving
creates the new energy states E0,m = mωrf and E1,m = ωs + mωrf . Generating side bands
with ω = ωs + ∆m ωrf . b Experimental scheme for probing these transitions. c Optical
detected magnetic resonance spectrum with increasing ωrf showing the Floquet sidebands at
multiple of ωrf . d Rabi oscillations at the central peak (0th), first and second sideband. The
point chosen such that the Rabi frequency is largest for the first sideband and is described with
νRabi,n = Jn(
2.5MHz
1.45MHz
) · 0.125 MHz.
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b c
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Figure 5: Heterodyne detection using Floquet dressed states. a Experimental scheme: Initial-
ization and readout of the electron spin. Additional a RF-field is applied for the sensing period,
which is coherent between measurements. The demodulation frequency is given by ∆ω − ωrf
for the first sideband. b Sensor response as a function of the signal phase in the Floquet dressed
system, while the RF phase is fixed. c Heterodyne detection of the MW-field in the Floquet
dressed system. The phase of the RF-field is modulated by φi+1 = φi + 45◦, moving the zero
demodulation frequency to νdemod. = 1/8 measurements for resonant measurements.
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A Methods
A.1 Experimental Setup
The scheme of the experimental setup is shown in figure 6. The diamond crystal is positioned
within a superconducting NMR-magnet (Scientific Magnetics). The magnetic field was about
250 mT and aligned with NV center quantization (Z) axis, leading to transition frequency of
4139.3 MHz between |0〉 and |−1〉 for the nuclear spin projection mI = +1. For the opti-
cal excitation and collection of the fluorescence of the NV center we use an immersion oil
objective with a numeric aperture of 1.35 and detect it with an avalanche photo-diode(APD)
(Perkin-Elmer SPCM), capable of detecting single photons. A 520 nm diode laser is used for
excitation, which can be directly turned on/off within 10 ns. The NV microwave transitions
and RF-manipulation is generated on a Keysight 8190A arbitrary waveform generator with
12 GSamples/s. The same device controls the laser diode switching and the data acquisition
triggering. We amplify the first channel (MW) up to about 40 dBm power with Hughes-TWT
8010H amplifier (max. 7 MHz Rabi frequency), the second channel (RF) to about 52 dbm with
RF amplifier (Amplifier Research 150A250) leading to an oscillating field of 0.1 mT along the
NV quantization axis. We combine the MW and RF channels before coupling to a coplanar
waveguide. The crystal is a 99.995 % 12C-enriched diamond crystal (5.3 × 4.7 × 2.6 mm3)
was grown by the temperature gradient method under high-pressure and high-temperature. A
polished, (111)-oriented slice (2 × 2 × 0.08 mm3) has been used in the present work. The co-
herence times of the NV center studied here are T ∗2 = 50µs and T2 ≈ 300µs. The further
characteristics of the sample and setup can also be found in reference.19
A.2 Evolution under phase dependant Hamiltonian
The essence of our work is the phase dependant measurement outcome. In the following we
derive this outcome from a the protocol shown in figure 2. We consider the following phase
dependant Hamiltonian :
H ′ =
∆ω
2
σz +
Ω
2
cos(φ0)σx +
Ω
2
sin(φ0)σy, (9)
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Figure 6: The diamond with individual NV-centers is studied with a confocal microscope in
the center of a room temperature bore of a superconducting magnet, operated at 250 mT. For
excitation a 520 nm diode laser is used, the beam is reflected from a dichroic mirror (A) and
coupled into the objective. The fluorescence of the NV is passing again through the dichroic
mirror (A), through a pinhole 50µm, (B) and finally through a long pass filter, 650 nm, (C)
before getting detected with an avalanche photon detector (APD) (Perkin-Elmer SPCM) . The
microwave and radio frequencies are generated on a two channel arbitrary waveform generator,
sent to amplifiers and combined before the microwave structure, where the diamond is glued
on.
When we create the time evolution operator U we get:
U = exp(−iH ′t)
= exp
(
− i
2
Ω′t(~n · ~Σ)
)
= cos(Ω′t)1− isin(Ω
′t)
Ω′
× (Ω cos(φ0)σx + Ω sin(φ0)σy + ∆ωσz)
(10)
where the ~Σ = (σx, σy, σz) is the Pauli vector and Ω′ =
√
Ω2 + ∆ω2 is the generalized Rabi
frequency. We assume an initial state of |+〉 = 1√
2
(|0〉 + |1〉), leading to the following state
after evolution:
|ψ(t)〉 =
(
cos(Ω′t)− isin(Ω
′t)
Ω′
Ωx
)
|+〉
+
(
sin(Ω′t)
Ω′
Ωy − isin(Ω
′t)
Ω′
∆ω
)
|−〉
(11)
where Ωx = Ω cosφ0, Ωy = Ω sinφ0.
〈Sz〉 = sin(2Ω′t) Ω
2Ω′
sin(φ0) + sin
2(Ω′t)
Ω∆ω
Ω′2
cos(φ0)
≈ Ωt sin(φ0),
(12)
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for small phase acquisition.
A.3 Analytical Solution for Mollow Dressed System
For control of the interaction with the signal field and long coherence times we apply dressed
states, the Mollow triplet. The Hamiltonian in the lab frame is given by:
H =
ω0
2
σz +Gσx cos(ω0t) + γσx cos(ω1t+ φ) (13)
When we go into the rotating frame of the fast oscillations ω0 we get:
H ′ = (
G
2
+
γ
2
cos(∆ωt+ φ))σx +
γ
2
sin(∆ωt+ φ)σy, (14)
ignoring the term 2ω  G. Finally we can go into the second rotating frame:
H ′′ = ∆′′σx +
γ
4
(cosφσz − sinφσy) (15)
where ∆′′ = 1
2
(G−∆ω + γ cos(∆ωt+ φ)) ≈ 1
2
(G−∆ω) and we assume 2∆ω  ∆′′.
A.4 Analytical Solution in the Strongly Driven System with Longitudional
RF field
This derivation was adapted from23 to our situation. We start with the Hamiltonian of the
driving:
H =
ωs
2
σz +
Ωrf
2
cos(ωrft)σz + Ω1 cos(ωmwt+ φ0)σx
Which we have to transform in the rotating frame with an evolution operator:
U = exp
(
iσz
2
(
ωst+
Ωrf
ωrf
sin(ωrft)
))
(16)
The Hamiltonian in the rotating frame becomes:
H ′ = Ω1 cos(ωmwt+ φ0) U †σxU (17)
with U †σxU given by:  0 e−i(ωst+ Ωrfωrf sin(ωrft))
e
i
(
ωst+
Ωrf
ωrf
sin(ωrft)
)
0
 (18)
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We can further use:
exp (iz sin(ωt)) =
∞∑
k=−∞
Jk (z) exp (kωt) (19)
which leads to the following matrix entries of U †σxU :(
0
∑
Jk(
Ωrf
ωrf
)e−i(ωs+kωrf)t∑
Jk(
Ωrf
ωrf
)ei(ωs+kωrf)t 0
)
(20)
Let’s assume that the probe field amplitude is small Ω1  ωrf , which allows us to only look at
one resonance and the probe field is close to resonance of a sideband ωk = ωs + k ωrf . We get
the effective Hamiltonian:
H ′k =Jk
(
Ωrf
ωrf
)
Ω1 cos(ωmwt+ φ0)
× (cos(ωkt)σx + sin(ωkt)σy)
(21)
Using the rotating wave approximation, because of Ω1  ωrf , we further get:
H ′k =
Ωk
2
(cos(∆′t+ φ0)σx + sin(∆′t+ φ0)σy) (22)
with Ωk = Jk
(
Ωrf
ωrf
)
Ω1 and ∆′ = ωmw − ωn, which finally becomes:
H ′′n = ∆
′σz +
Ωn
2
(cosφ0 σx + sinφ0 σy) (23)
showing the dependants on the initial phase φ0.
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